The hysteresis and other nonlinear properties of piezoelectric scanners cause image distortion in scanning probe microscopy (SPM). Two types of control algorithm, feedback and feedforward, were applied to solve this problem. In general, a feedforward control method has a higher scanning speed, a higher resolution, but a lower accuracy than a feedback control method. In this paper, we propose a postfitting control scheme for driving the x-scanner of SPM periodically. This method possesses the advantages of both the feedback and feedforward methods, and achieves a higher image resolution and a higher accuracy than a pure feedback or feedforward method, without sacrificing scanning speed.
Introduction
Piezoelectric scanners are widely used in scanning probe microscopy (SPM) because they have excellent resolution in displacement, high stiffness, and fast responses. A major drawback of piezoelectric materials, however, is its lack of accuracy due to many nonlinear characteristics, such as hysteresis, 1) creep, 1) and recoil-generated ringing, 2) which often cause distortion in SPM images. In general, the positioning error of a scanner caused by these nonlinearities may be as much as 10 -15% of the full scanning range.
3) A physical explanation for hysteresis was given by Chen and Montgomery. 4) They proposed that hysteresis is a consequence of grain domain switching due to a change in the externally applied electric field. This domain switching occurs gradually. The lagging of the response might cause hysteresis and creep.
Many control schemes were proposed to deal with the positioning problems of piezoelectric actuators. They can be classified into two main categories: feedback (closed-loop) and feedforward (open-loop) methods. A feedback control system comprises a displacement sensor and a controller, which can be implemented using a digital computer or analog circuits. The controller tries to compensate the error between the desired trajectory and the measured displacement. From a simple proportional-integral-differential 5) (PID) algorithm to an advanced sliding-surface 6) scheme, many control schemes were proposed. For the feedforward methods, mathematical models of nonlinearities were proposed, such as the basic backlash model, 7) classical Preisach model, [8] [9] [10] generalized Maxwell Slip model, 11) Bouc-Wen model, 12) and more complicated neural network model. [13] [14] [15] After performing specific identification experiments, modeling parameters can be obtained. Using effective models, one can build an estimator for predicting the motion and then preshape the driving signal in advance so that the positioning accuracy can be improved. This kind of method is also called the model-reference technique. 16) Another approach is to use a virtual, calculated inverse mathematical model 17, 18) to cancel a physical plant. Figure 1 illustrates how the motion of a physical plant, a piezoelectric actuator, can follow the desired trajectory.
In the closed-loop approach, a high-gain 19) feedback control can be adopted to achieve a high scanning speed. However, the displacement measurement often has a high noise level when sensing a fast motion of a piezoelectric actuator, which results in a low spatial resolution in the driving signal. Generally, the resolution of a closed-loop system is tenfold lower than that of an open-loop system. 20) A filter can be used to suppress the noise, but it also reduces scanning speed significantly. In contrast, feedforward control schemes can achieve a high scanning speed and a high resolution. Because no sensors are needed, the mechanical design of the system is much simpler and also more compact than that of the feedback control system. However, a major problem with feedforward control schemes is the timevarying characteristics of the piezoelectric materials. Although an accurate model can be found by appropriate identification tests at the beginning, the piezoelectric parameters of the scanner may vary with time due to the subsequent polarization/depolarization, pinning defects at grain boundaries, and warm-up. That is why feedforward control schemes usually suffer from poor accuracy and nonlinearity after some time. New identification tests have to be performed in order to maintain a certain accuracy.
Control algorithms combining both feedback and feedforward schemes have also been proposed, 3, 21, 22) unfortunately, HðsÞ is a transfer function that represents the dynamics of a device, a piezoelectric actuator in the current case, we want to control. HðsÞ can be obtained through a proper system identification experiment, and then 1=HðsÞ can also be derived. A fast digital signal processor (DSP) executing the calculation of 1=HðsÞ is placed in the front end of HðsÞ to preshape the signal. Since the effects of 1=HðsÞ and HðsÞ cancel out each other, the system output is thus equal to the desired input.
some problems still exist in such algorithms. In this paper, we propose a postfitting control scheme for piezoelectric actuators. Compared with previous algorithms, this scheme demonstrates a high resolution, a high accuracy, and a fast response. It is especially suited for periodic motions, such as those in SPM scanning.
Postfitting Control Scheme
In the raster scanning of SPM, the y-scanner moves downward slowly, while the x-scanner makes a periodic leftand-right movement at a much faster speed. Therefore, we focus on the control of the x-scanner, with which it is more difficult to achieve both a high resolution and a high accuracy. The dynamics of the x-scanner can be identified using a second-order linear model coupled with the BoucWen nonlinear model, as described below.
m
where h indicates the hysteretic nonlinearity; , , and determine the magnitude and shape of the hysteretic loops; v is the input voltage; d is the piezoelectric coefficient; and x, m, c, and k represent the displacement, mass, damping, and stiffness of the x-scanner, respectively. This model can be numerically simulated using a Matlab/Simulink expression, as shown in Fig. 2 . We use a series of decaying triangular waves, as shown in Fig. 3(a) , to drive a piezoelectric actuator (a piezoelectric stack element, PSt 150=5 Â 5=20, Piezomechanik). The hysteresis behavior can be measured by an optical displacement sensor (a laser-based triangulation measurement system MICROTRAK 7000, MTI Instruments). The resolution of this sensor is $100 nm with a bandwidth of 20 kHz. In Fig. 3(b) , the gray line represents the measured trajectory and the black line represents the simulation result obtained using the above model. Both curves approximate each other, indicating the effectiveness of our mathematical model.
It is impossible to perfectly model a scanner's behavior, because it is affected by many factors, such as piezoelectric nonlinearities, sample mass, the characteristics of electronic equipments, the crosstalk between axes, and the timevarying environment. 23) Hence, a feedback strategy is needed to overcome these uncertainties. Figure 4 (a) illustrates the experimental response of a low-gain feedback system, which has a poor tracking performance. We can increase feedback gains to improve tracking accuracy, but another problem may arise. The noise from the displacement sensor is amplified in the closed loop [see Fig. 4(b) ], which often causes the oscillation of the scanner and degrades the resolution of the acquired SPM images, as demonstrated in Fig. 5(b) . Therefore, the tradeoff between accuracy and resolution cannot be solved by pure feedback control.
There are two approaches to removing the high-frequency fluctuations. One approach is to add an on-line filter to suppress such fluctuations; however the filter also limits scanning speed. The other method is to perform an off-line smoothing on the driving signal, which is well suited for periodic scanning motions. Our proposed postfitting scheme is described below. STEP 1: Prescanning. We adopt a high-gain PID control scheme to drive the x-scanner to track a specified ramping profile. In this prescanning, the y-scanner is held steady. Figure 4(b) shows that the measured motion basically follows the desired trajectory except for high frequency Fig. 3(a) . The output x is the simulated displacement of the piezoelectric actuator. The simulation result is plotted in Fig. 3(b) . fluctuations. This indicates that the feedback controller produces a good tracking signal for driving the scanner. STEP 2: Fitting. We take the second to fifth cycles of the feedback controller's output signal and then average them. We do not use the first cycle because small deviations may occur in the initial several ms, as shown in Fig. 4(b) . The averaged signal is still slightly noisy. It can be further smoothened by curve-fitting methods. We carry out several polynomial fittings from the second-order to fifth-order, as shown in Fig. 6 . We find that a fourth-order (as well as a fifth-order) polynomial provides a good fitting. As expected, a higher order fitting can achieve a smaller root-mean-square value of the fitting error. We adopt the fourth-order polynomial fitting because the fifth-order polynomial fitting does not show much improvement. In addition, two different polynomials are used to fit the left-to-right and right-to-left scanning motions.
STEP 3: Scanning. In this step, the displacement sensor is switched off. The fitting polynomial mentioned above takes the place of the feedback controller to drive the x-scanner in our image acquisition. A good tracking accuracy without high frequency noises is demonstrated in Fig. 4(c) . Since this postfitting scheme needs no feedback control, it achieves both accuracy and resolution without sacrificing scanning speed.
Experimental Results
Our system is modified from a commercial atomic force microscope (AFM; A-100, AngsNanoTek) system. The scanner is a piezoelectric tube with multiple electrodes to generate three-axis motions. We add an aforementioned optical sensor to measure the displacement of the x-scanner. The scanning speed is 4 line/s. AFM images of a square grating (607-AFM, Ted Pella) taken with three different control schemes are shown in Fig. 5 . Figure 5(a) shows a topographic image taken in the regular scanning mode, in which a saw-tooth waveform is applied to drive the xscanner without any special control scheme. Even though the image resolution is good, the nonlinear distortion of the square grating in the x-direction is clearly observed. Figure 5 (b) shows a topographic image taken with highgain feedback control, in which information on the displacement sensor is fed back to a PID controller. The distortion in the square grating disappears, but the resolution decreases due to high-frequency noise in the driving signal of the xscanner. Even if we decrease the gains of the PID controller, the resolution of the x-scanner is still limited by the measurement resolution of the displacement sensor, 100 nm. distortion in the x-direction. This image is taken with the postfitting scheme described above. It takes only 1 s to perform the prescanning and fitting. Note that the fine structures of the grating can be clearly observed.
Discussions and Conclusions
Feedforward control uses information from system identification experiments to compensate the hysteresis of a piezoelectric scanner. However, the characteristics of a scanner change with time. Thus, the performance of a feedforward controller degrades with time. Feedback control can overcome this time-varying problem by continuously sensing the displacement of the scanner. When it is applied to SPM, it is desirable that the sensor achieves nanometer resolution. Unfortunately, this kind of sensor usually responds slowly or has a high cost. If an unexpensive sensor is used, its noise may seriously limit the spatial resolution of an image.
Our proposed postfitting scheme integrates both the feedforward and feedback control schemes. In the prescanning, we utilize a feedback scheme to obtain a particular scan curve that can compensate the hysteresis and nonlinearity of a piezoelectric scanner. Then, polynomial fitting preserves the unique shape of the curve but rejects highfrequency noise of the curve. During our image acquisition, the smoothened curve is used to drive the scanner without any feedback control.
Before each new image frame is taken, prescanning and curve fitting are carried out to compensate all time-varying factors. Therefore, the problems encountered in the feedforward as well as in the feedback control schemes do not appear in our new postfitting scheme. Note also that we do not use a very high resolution displacement sensor in our scheme.
In conclusion, we have developed a new method that combines both the closed-loop and open-loop methods and achieves distortion-free scanning without sacrificing spatial resolution or scanning speed. It is clear that a higher order fitting can achieve a smaller fitting error.
